Reloading of atrophied muscles after hindlimb suspension (HLS) can induce muscle injury and prolong recovery after disuse in old rats, especially in fast contracting muscles. Less is known about the responses in mice and whether fast and slow muscles from geriatric mice will respond in a similar fashion to HLS unloading and recovery (HLS + R). Furthermore, while slow muscles undergo atrophy with disuse, they typically are more resistant to sarcopenia than fast contracting muscles. Geriatric (28 mo. of age) male C57BL/6 mice were randomly placed into 3 groups. These included HLS for 14 days n = 9, and HLS followed by 14 days of reloading recovery (HLS + R; n = 9), or normal ambulatory cage controls (n = 9). Control mice were not exposed to unloading. Electrically evoked maximal muscle function was assessed in vivo in anesthetized mice at baseline, after 14 days of HLS or HLS + R. As expected, HLS significantly reduced body weight, wet weight of gastrocnemius and soleus muscles and in vivo maximal force. There were no differences in vivo fatigability of the plantar flexor muscles and overall fiber size. There were only minor fiber type distribution and frequency distribution of fiber sizes that differ between HLS + R and control gastrocnemius and soleus muscles. Soleus muscle wet weight had recovered to control levels after reloading, but type I/IIA fibers in the soleus muscles were significantly smaller after HLS + R than control muscles. In contrast, gastrocnemius muscle wet weight did not recover to control levels after reloading. Plantar flexion muscle force (primarily influenced by the gastrocnemius muscles) did not recover in HLS + R conditions as compared to HLS conditions and both were lower than control force production signaling for apoptosis, autophagy and anabolic markers were not different between control and HLS + R gastrocnemius and soleus muscles in geriatric mice. These results suggest that molecular signaling does not explain attenuated ability to regain muscle wet weight, fiber size or muscle force production after HLS in geriatric mice. It is possible that fluid shifts, reduced blood flow, or shortened muscle fibers which failed to regain control lengths contributed to the attenuation of muscle wet weight after HLS and reloading and this affected force production. Further work is needed to determine if altered/loss of neural activity contributed to the inability of geriatric mice to regain gastrocnemius muscle weight and function after HLS and reloading.
mass, and fiber cross-sectional area (CSA), and a phenotypic shift from an oxidative myosin heavy chain (MHC) isoform profile (i.e., Type I and Type IIA) to a profile consisting of more glycolytic MHC isoforms (Type IIB/X) (Alway et al., 2015; Bennett et al., 2013; Egawa et al., 2015; Fluck and Hoppeler, 2003; Hanson et al., 2010; Ohira et al., 1992; Stelzer and Widrick, 2003; Takahashi et al., 2017) . Muscle atrophy causes functional deficiency that leads to mobility impairment, decreases the quality of life in the elderly (Appell, 1986; Appell et al., 1988; Bodine, 2013; Feng et al., 2016; LeBlanc et al., 1995; Rittweger et al., 2005) , impairs recovery and increases the risk for exercise induced injury (Kasper et al., 1990; Reid and Moylan, 2011; Widrick et al., 2008) .
The aging-associated loss of muscle mass and function, called sarcopenia, is exacerbated by increases in fat mass that causes sarcopenic obesity and mobility-related alterations (posture, gait, balance) in the aged (Alway et al., 2017b; Alway et al., 2011; Alway and Siu, 2008; Del Campo et al., 2018; Frontera et al., 2000; Layne et al., 2017; Roubenoff, 2000; Thornell, 2011) . The societal impact of sarcopenia and sarcopenic obesity results in a poor life expectancy (Dalle et al., 2017; Fielding et al., 2017; Layne et al., 2017; Wanigatunga et al., 2017) . Generally aging results in greater losses in muscles with a high type II fiber population, whereas disuse has a preferential loss of size in type I muscle fibers but both type I and type II fibers will undergo atrophy during disuse. While recovery of muscle mass after disuse-induced atrophy is feasible at young ages, it is generally attenuated in old age muscles from aged rodents (Alway et al., 2015; Bennett et al., 2013; Brooks et al., 2018; Takahashi et al., 2017) . However, the mechanisms that regulate muscle mass and function during recovery after disuseinduced atrophy are poorly understood in fast and slow contracting muscles from geriatric mice.
Multiple pathways contribute to hindlimb suspension unloading (HLS)-induced atrophy and recovery, such as changes in apoptosis, autophagy and activation of muscle regeneration and anabolic/catabolic signaling pathways (Cannavino et al., 2015; Darr and Schultz, 1989; Egawa et al., 2015; Joseph et al., 2016; Marzetti et al., 2013; Pellegrino et al., 2011; Powers et al., 2012; Prisby et al., 2004; Takahashi et al., 2017) . Nevertheless, it is less clear how the signaling pathways that control unloading-induced muscle atrophy and loadinginduced muscle mass are regulated at very old age and if changes in these pathways will account for any attenuation in recovery of muscle mass and/or function after recovery from disuse.
In this study, we evaluated muscle recovery in fast contracting gastrocnemius muscles and slow contracting soleus muscles of geriatric mice after hindlimb suspension (HLS) followed by recovery (HLS + R). We hypothesized that geriatric mice with severe sarcopenia would have severe muscle wasting and poor recovery of muscle mass and function upon reloading especially in fast contracting muscles.
Methods and experimental design

Animals
Thirty-six male C57BL/6 mice (26-month-old) were obtained from the National Institute on Aging Colony (Harlan, Indianapolis, IN) and housed individually until they became geriatric (28 mo. of age). Young adult mice (16 weeks of age) C57BL/6 mice were obtained from Jackson Laboratories. The mice were maintained in standardized cages of the West Virginia University Health Science Center and the University of Tennessee Health Science Center animal facilities, which were both accredited by the American Association for Accreditation of Laboratory Animal Care (AAALAC). The three groups of young adult mice included: control (n = 6) hindlimb suspension (HLS; n = 6) and hindlimb suspension for 14 days followed by recovery for 14 days (HLS + R; n = 6). The three groups of geriatric mice were controls (n = 9), hindlimb suspension, (HLS, n = 9), and HLS + R (n = 18). As we were primarily interested in the responses of geriatric mice to unloading and reloading, the only variables assessed in the young adult mice were body weight and muscle weight. Our previous observations in aging and unloading in rodents indicated that muscle wet weight and function to hindlimb unloading has more inter-animal variability than cage control mice that do not undergo experimental intervention. Therefore, we examined more mice in the experimental HLS + R group than control mice to account for any increased in inter-animal variability and therefore to identify any statistical significance if it existed in response to loading and reloading.
Hindlimb suspension (HLS) and recovery after HLS (HLS + R)
HLS was conducted for 14 days as described previously (Alway et al., 2014a; Alway et al., 2015; Alway et al., 2002; Alway et al., 2013; Brooks et al., 2018; Pistilli et al., 2007; Takahashi et al., 2017; Wang et al., 2011) . Briefly, the hindlimb muscles were unloaded by placing orthopedic tape around the tail of the mice. The tape was attached to a metal swivel at the top of the cage, and the height of the swivel was adjusted to raise the hindlimbs from the floor of the cage and also allowing for 360°of rotation and movement of the animal. Food and water were provided ad libitum to the mice. To prevent excessive orthostatic intolerance and stress to the mice, the angle between the floor and the torso did not exceed 30°. The tip of their tails remained exposed to monitor tail blood flow. Food and water were provided ad libitum. The mice were euthanized after 14 days of HLS followed by 14-days of the recovery period. Cage control mice were treated similarly to HLS mice except the animals were not exposed to unloading by HLS.
Body weight
Body weight of HLS mice was assessed on day 1, and day 14. Body weight of reloaded mice was assessed on day 1 (before HLS), day 14 (the last day of HLS) and day 28 (the last day of recovery).
Muscle function
To assess the effects of unloading and reloading, muscle function was measured longitudinally in vivo, in anesthetized geriatric mice at baseline, after 14 days of HLS and after 14 days of recovery following reloading after HLS. Electrically evoked contractions were assessed in anesthetized mice with a mixture of oxygen (97%) and isoflurane gas (3%) using a small animal anesthetic system (Isotec 5, Datex-Ohmeda, USA). The left hip was stabilized by placing a small animal rod on the lateral side of the knee. The left foot was secured to a footplate connected to a servomotor (300C-LR; Aurora Scientific Aurora, Canada). The ankle joint was aligned with the axis of rotation of the servomotor. Electrically evoked contractions of the plantar flexor muscles were made (10 Hz, 25 Hz, 50 Hz, 75 Hz, 100 Hz, and 120 Hz, 200 μs pulses) of the tibial nerve, using a High-Power Bi-Phase Current Stimulator (701C; Aurora Scientific, Aurora, Canada). Stimulation of the tibial nerve occurred by inserting platinum electrodes (F-E7; Grass Instruments, Astro-Med, Inc., USA) through the skin so that they were positioned on either side of the nerve. Three minutes of rest occurred between each contraction to minimize the effect of fatigue on production of maximal muscle force. The Data Acquisition and Analysis System (605A; Aurora Scientific, Canada) was used to control the servomotor providing for the angular positions of the foot. Data files were analyzed by the Dynamic Muscle Analysis Software (615A, Aurora Scientific Inc., Canada). Plantar flexor muscle functional data were normalized to muscle weight. Repeated measures ANOVA was used to compare plantar flexor maximal force production in mice before, after HLS and after HLS + R conditions.
To assess muscle fatigability, the tibial nerve was stimulated at 40 Hz for 3 min utilizing a duty cycle of 330 ms of stimulation followed by 670 ms of rest (Brooks et al., 2018; Chen and Alway, 2001; Mohamed et al., 2014) . The Fatigue Index (FI) was calculated as the force from the last contraction expressed as a percentage of the force obtained on the first contraction. Differences in FI were compared by ANOVA analyses.
Tissue weight and preparation
At the end of the experimental period, and with the mice deeply anesthetized, the gastrocnemius and soleus muscles were removed from both limbs, blotted, and then weighed. The mice were euthanized by removing their hearts. The mid-belly of the soleus and gastrocnemius muscle was embedded in optimal cutting temperature compound (Tissue-Tek; Andwin Scientific, USA), snap frozen in liquid nitrogen cooled isopentane, and stored at −80°C for subsequent analyses.
Fiber morphology
Frozen cross-sections were cut from the mid-belly from soleus and gastrocnemius muscles on a freezing microtome (CM3050; Leica, Germany). The tissue sections were stained with hematoxylin and eosin. Average muscle fiber cross-sectional area (CSA) was determined by planimetry from 750 to 1200 fibers that were obtained from four non-overlapping regions of each tissue cross-section. Muscle fiber CSA was calculated using a public domain, Java-based image processing program (Image J; National Institutes of Health, USA) as published previously (Alway et al., 2015; Alway et al., 2017a; Alway et al., 2013; Roman et al., 1993) . Differences between control and HLS + R fiber areas in geriatric mice were determined by One-Way ANOVA analyses.
Immunocytochemical staining for myosin heavy chain
Eight micron-thick frozen tissue cross-sections were placed on charged microscope slides (Superfrost Plus; ThermoFisher Scientific, USA), air-dried, and stored at −20°C until used for immunohistochemistry. The sections were washed in phosphate buffered saline (PBS) then incubated with 10% normal goat serum (S-1000; Vector Laboratories, USA) for 1 h to reduce non-specific protein binding. To detect fiber myosin heavy chain (MHC) isoforms, the tissue sections were incubated overnight in primary mouse antibodies for MHC type I (BA-D5; Developmental Studies Hybridoma Bank, USA), MHC type IIA (SC-71; Developmental Studies Hybridoma Bank, USA), and MHC type IIB (BF-F3; Developmental Studies Hybridoma Bank). After three washes in PBS, the sections were incubated with an appropriate secondary antibody labeled with Alexa Fluor-488, Alexa Fluor-546 and Alexa Fluor-647 (Invitrogen-ThermoFisher) for 1 h at room temperature followed by 3 washes in PBS. The tissue sections were counterstained with 4′,6-Diamidino-2-phenylindole, dihydrochloride (DAPI) (P36941; Invitrogen-ThermoFisher, USA) to visualize all of the myonuclei. Tissue sections were imaged using a confocal microscope (LSM 710; Zeiss, Germany).
Western immunoblots
Approximately 75 mg of gastrocnemius muscle or~6 mg of soleus muscle was homogenized in RIPA buffer (1% Triton X-100, 150 mM NaCl, 5 mM EDTA, 10 mM Tris; pH 7.4) containing protease and phosphatase inhibitor (I3746; Sigma-Aldrich, St. Louis, USA). Protein concentration was measured using the BioRad DC protein assay (5,000,111; BioRad, Hercules, USA). Forty micrograms of protein was loaded into 4-12% gradient SDS-PAGE gel (NuPAGE-NP03222BOX; Invitrogen-ThermoFisher, USA) and separated using 120 V for 1 h followed by transfer to a nitrocellulose membrane for 1.5 h at 25 V. Nonspecific protein binding was blocked by incubating the membranes in 5% nonfat dry milk powder (9999, Cell Signaling Tech. USA) dissolved in TBS (SIG-32391; BioLegend, USA) containing 0.05% Tween 20 (TBST) (P1379; Sigma-Aldrich, USA) at room temperature. The membranes were incubated overnight in the appropriate primary antibody (1:1000). All antibodies (GAPDH, LC3A/B, ATG7, LC3, GCN5, SRC-3, Sirt1, Sirt2, Sirt3 and AIF) were purchased from Cell Signaling Technology, USA. After washing in TBST, the membranes were incubated in appropriate dilutions of secondary antibodies (1:5000 diluted in blocking buffer) conjugated with horseradish peroxidase (Sigma-Aldrich, USA) for 1 h at room temperature. The signals were developed using an enhanced chemiluminescent substrate (32132; Pierce-ThermoFisher, USA) and the corresponding signals were assessed using a high-resolution gel document system (G:Box Bioimaging System; Syngene, USA). Band intensity was determined and normalized to GAPDH (Image J; NIH, USA).
Statistical analysis
The results are reported as means ± SE. Differences in means between groups for age (young and geriatric) and condition (control, HLS, HLS + R) was determined by a Two-Way Analysis of Variance (ANOVA). Group comparisons of fiber areas, fiber type and signaling protein levels were determined in the geriatric mice by a One-Way, and Hotelling's T-Square test (Prism, GraphPad Software, USA). Repeated measures ANOVA was used to compare time points across each group for maximal force production. Bonferroni post hoc analyses were performed between significant means. Chi Square analysis was used to evaluate cumulative frequency and fiber area-frequency distributions of binned fiber area (Alway et al., 2014a; Alway et al., 2015; Alway et al., 1990; Alway et al., 1989a Alway et al., , 1989b Hao et al., 2011; Pistilli et al., 2014) . A P-value ≤ 0.05 was considered significant.
Results
Body weight
As shown in Fig. 1 , 14 days of HLS significantly reduced the body weight of mice, and body weight continued to decline throughout the experimental period and was not returned to the pre-experimental level during the recovery period in mice exposed to HLS and recovery. However, body weight in geriatric control mice also had lower body weight at day 28 as compared to day 1 of the study ( 
Body Weight
Control HLS + R * * ** Fig. 1 . Body weight. The body weight of control and experimental (HLS) mice were obtained before unloading (day 1) after 14 days of unloading (day 14), and after 14 days of recovery following reloading (day 28). Control micemaintained cage ambulation conditions over the 28 days of the study. Values are presented as mean ± SE. *P ≤ 0.05 vs. control at the same experimental day. **P ≤ 0.05 vs. control after 28 days vs. day 1.
Muscle mass
The Two-Way ANOVA confirmed the presence of sarcopenia as shown by a significantly lower muscle weight under each experimental condition in geriatric vs. young mice (F = 170.3, P < 0.001). As expected, the Two-Way ANOVA revealed a significant difference for treatments (Control, HLS and HLS + R) groups (F = 1765; P < 0.001). Specifically, HLS significantly reduced gastrocnemius muscle weight in both young adult and geriatric mice (Table 1) . Gastrocnemius muscle weight did not return to control levels over the 14 days of reloading in the geriatric mice, whereas gastrocnemius muscle weight had recovered to control levels over the same time period in young adult mice (Table 1) . Furthermore, there was a significant interaction across gastrocnemius variables for the experimental condition (F = 27.34; P < 0.001). The soleus muscle weight was significantly less in the HLS group than either the control group or the HLS + R group. Interestingly, control soleus muscle weight and HLS + R soleus muscle weight were not different, indicating that the soleus muscle weight had recovered muscle wet weight lost during HLS by 14 days after reloading (Table 1) . There was no significant interaction across soleus muscle variables for the experimental condition.
Mean muscle fiber cross-sectional area obtained from hematoxylin and eosin stained tissue show that the soleus muscle fiber areas were significantly smaller after HLS + R (1535 ± 51 μm 2 ) compared to the mean fiber area of control soleus muscle (1745 ± 43 μm 2 ) ( Fig. 2A) . There was a significantly higher frequency of smaller fibers that were < 1800 μm 2 in soleus muscle fibers of HLS + R vs. control mice (Fig. 2B, C) . However, there were no statistically significant differences in the mean muscle fiber cross-sectional area (Fig. 2D ), the cumulative frequency (Fig. 2E) or the fiber area-frequency distributions of gastrocnemius muscles (Fig. 2F ).
Myosin heavy chain distribution
While hematoxylin and eosin staining provide a good approach for examining overall muscle morphology, it does not differentiate between muscle fibers with different myosin heavy chain composition. Therefore, we utilized immunocytochemistry to identify if one of the major fiber sub-types or hybrids of fibers, that co-expressed more than one myosin heavy chain (MHC) were differentially affected by unloading and reloading in geriatric mice. We wanted to make these comparisons because HLS has been reported to cause oxidative-to-glycolytic fiber type switching as well as targeted atrophy of oxidative fibers (Feng et al., 2016) . To determine if these effects occurred and remained in HLS + R muscles of geriatric mice, we evaluated the fiber type distribution and fiber area responses.
MHC staining showed that the population of II/IIA and IIX fibers was greater in soleus muscles from HLS + R mice as compared to the control soleus muscle (Fig. 3A-C) . There was a significantly greater type IIA/IIB fiber population in gastrocnemius muscles from HLS + R mice (Fig. 3D-F) .
Fiber cumulative and area-frequency distribution of fiber areas by fiber type
The mean fiber area (Fig. 4A) , the cumulative frequency distribution (Fig. 4B) , and the fiber area-frequency distribution (Fig. 4C ) of type I fibers were similar in soleus muscles from control and HLS + R mice. In contrast, fibers that contained both type I and IIA myosin heavy chains were significantly smaller (Fig. 4D ) and this is also seen by a shift to the left (smaller fibers) in the cumulative frequency (Fig. 4E ) and fiber area-frequency distribution (Fig. 4F ) of HLS + R compared to control muscles. Similar to type I fibers, the mean type IIA fiber area (Fig. 4G ), cumulative frequency distribution (Fig. 4H ) and fiber areafrequency distribution (Fig. 4I) were not different in HLS + R and control muscles.
In the gastrocnemius muscle, the mean fiber area (Fig. 5A ), the cumulative frequency distribution (Fig. 5B ) and the fiber area-frequency-distribution (Fig. 5C ) for type IIA fibers were similar in muscles from control and HLS + R mice. The mean area of fibers from the gastrocnemius muscle that contained both type IIA and type IIB myosin heavy chains (IIA/IIB) were larger in gastrocnemius muscles from the HLS + R as compared to the control group (Fig. 5D ). There was also a significant shift to the right (larger fibers) of type IIA/IIB in HLS + R as compared to control muscles for fibers 800-1200 μm 2 ( Fig. 5E-F ).
However, fiber area (Fig. 5G ), cumulative frequency (Fig. 5H) , and the fiber area-frequency distributions for type IIB fibers (Fig. 5I) were similar in HLS + R and control gastrocnemius muscles. Likewise, there was no difference in type IIX mean fiber area (Fig. 5J ), cumulative frequency ( Fig. 5K ), or fiber area frequency distributions (Fig. 5L ) in control and HLS + R gastrocnemius muscles. Although representing only a small portion of the total population of fibers in the gastrocnemius muscle, type I/IIA fibers in the gastrocnemius muscle were significantly larger in the HLS + R as compared to the control muscles ( Fig. 5M ) and this was reflected in a shift to the right of the cumulative frequency ( Fig. 5N ) and the fiber area-frequency curves (Fig. 5O ). In contrast, while trending towards a mean smaller fiber cross-sectional area (P = 0.06), type I fiber area was not statistically different in control and HLS + R gastrocnemius muscle samples (Fig. 5P) . Nevertheless, there is a significant shift to the left in the cumulative frequency distribution (Fig. 5Q ) and the fiber area-frequency distribution (Fig. 5R ) of type I HLS + R fibers of the gastrocnemius muscle indicating that type I fibers were smaller in the HLS + R mice as compared to muscles from control mice.
Maximal muscle force production
Maximal muscle plantar flexor force was measured at frequencies ± 5 mg ± 2 mg ± 2 mg ± 3.1 mg ± 2.7 mg ± 3 mg Soleus 11.1 8.8 Data were compared by a Two-Way ANOVA. *P < 0.05 compared to control group. **, Young vs. geriatric groups. †P < 0.05 compared to Young mice of same group. HLS, 14 days of HLS; HLS + R, 14 days of HLS followed by 14 days of reloading cage control ambulation. The three groups of young adult mice included: control (n = 6) hindlimb suspension (HLS; n = 6) and hindlimb suspension for 14 days followed by recovery for 14 days (HLS + R; n = 6). The geriatric mice were controls (n = 9), hindlimb suspension, (n = 9), and HLS + R (n = 18). There was a significant interaction across gastrocnemius variables for the experimental condition (F = 27.34; P < 0.001). Fig. 2 . Mean fiber area, cumulative frequency distribution and fiber area-frequency histogram. Mean muscle fiber area, cumulative frequency distribution and fiber area-frequency histograms were obtained from all of the fibers measured in hematoxylin and eosin stained tissues from soleus (A, B, C) and gastrocnemius muscles (D, E, F) from control mice (n = 9), or HLS + R mice (n = 18). There was a greater frequency of smaller fibers that were smaller than 1800 μm 2 in soleus muscle fibers of HLS + R vs. control mice. *P < 0.05, control vs. HLS + R mean fiber area. between 10 and 125 Hz (Fig. 6 ). As muscle mass and bodyweight were also reduced, we examined relative muscle force (force/muscle weight) as an indicator of muscle function. Muscle force production was significantly lower in control muscles after 28 days, and there was the tendency to reduce force by 14 days of the study in control muscles (Fig. 6A ). In the HLS + R mice, force production at 100 Hz and 125 Hz was lower after HLS (day 14) and also lower after HLS followed by 14 days of recovery in HLS + R (day 28) as compared to pre-intervention at day 1 (Fig. 6B ). There was no statistical difference between maximal force production between control and HLS + R mice at submaximal and maximal frequencies of stimulation either before (Fig. 6C) , at day 14 (Fig. 6D ) or day 28 (Fig. 6E) . The maximal relative force was lower in control muscles at days 14 and 28, compared to the beginning point of the study, which suggests that aging per se was responsible for the observed loss of force in the control muscles. Repeated measures ANOVA showed that maximal force decreased with unloading and reloading in experimental vs. control muscles, and muscles of the experimental animals did not recover to control levels after 14 days of reloading (Fig. 6F ).
Muscle fatigue
As expected, force declined throughout the fatigue protocol which consisted 116 repeated plantar flexor contractions that were stimulated at 40 Hz. The muscle fatigue curves did not vary over the course of the 28-day study in control mice (Fig. 7A) . Specifically, the fatigue responses were not statistically altered by HLS as compared to day 1, nor was there any change in fatigability after 14 days of reloading following 14 days of HLS (Fig. 7B) . The fatigue index was greater in HLS + R as compared to control muscles (Fig. 7C) .
Anabolic and death signaling
Muscle fiber atrophy has been associated with increased apoptosis and decreased autophagy signaling during aging and after HLS (Alway et al., 2014a; Alway et al., 2013; Pistilli et al., 2006; Siu and Alway, 2005; Takahashi et al., 2017) . To determine if differences in protein levels of these pathways could explain the attenuated recovery of muscle mass or force production in muscles of geriatric mice, we used western blot analysis to quantify the relative abundance in a subset of signaling proteins in apoptotic, anabolic, and autophagy pathways. Although there were differences in protein abundance between soleus and gastrocnemius muscles, ANOVA analyses showed that there were no significant differences in proteins of autophagy or apoptotic pathways in control compared to HLS + R muscles (Fig. 8 ).
Discussion
Several studies have shown an attenuation of muscle recovery in fast and slow contracting muscles of aged rats after disuse-induced atrophy ( . Soleus muscle mean fiber area, cumulative frequency distribution and fiber area-frequency histogram. Immunocytochemistry was used to identify fibers containing one or a combination of myosin heavy chains. Mean fiber area was determined in control muscles (n = 9) and in muscles of mice (n = 18) after HLS and 14 days of recovery (HLS + R) in type I (A), type I/IIA (D), type IIA (G). Data for type IIX fibers were very few (data not shown). The cumulative fiber area distribution frequency distribution is shown in type I (B), type I/IIA (E), and type IIA (H) fibers. The fiber area-frequency distribution is shown in type I (C), type I/IIA (F), and type IIA (H) fibers. 
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recovery of muscle lost through disuse in aged mice. As mice are heavily used in aging research it was important to know if age slows or prevents muscle recovery in a universal fashion as it does in rats. This study evaluated if geriatric mice with severe sarcopenia would fail to recovery lost muscle mass and function upon muscle reloading after HLS-induced atrophy. In our study, sarcopenia was observed in both soleus and gastrocnemius muscles. We found that after 14 days of reloading after HLS, muscle mass, and muscle function had not returned to control levels in the gastrocnemius muscle of geriatric mice, but this could not be accounted for by altered signaling for autophagy or apoptosis. In contrast to the gastrocnemius muscle, the soleus muscle weight fully recovered muscle mass after the 14-day reloading period.
Muscle atrophy and recovery
Similar to studies in rats, this study in geriatric mice found that 14 days of HLS resulted in a significant loss of hindlimb gastrocnemius and soleus muscle mass. Unlike the young mice, gastrocnemius muscle wet in the geriatric mice of this study failed to fully recover muscle wet weight after reloading, whereas soleus muscle mass had recovered wet weight to control levels 14 days after reloading following HLS. Thus, geriatric mice appeared to have a preferential delay and/or loss of recovery in muscles with a high percentage of type II fibers. While there was a trend for the soleus to have some depression in recovery of muscle weight relative to control muscle weight (P = 0.06) after 14 days of reloading, this did not reach statistical significance. However, unlike rats, type II fibers make up > 40% of soleus muscle fibers, so recovery of soleus muscle mass indicates that both type I and type II fibers contributed to restoring soleus muscle mass after reloading. While muscle wet weight may reflect contractile tissue changes with unloading and unloading it is also affected by changes in fluid shifts (Farhat et al., 2018) and this was not addressed in the current study.
Muscle fiber atrophy and recovery
While other studies in aged mice, showed improvement in crosssectional area of both type I and type II fibers, and force after reloading (Feng et al., 2016; Wang et al., 2015) , recovery from unloading in aged rats does not typically approach 80% of control fiber size. To determine if changes in muscle wet weight in the current study would be reflected by changes in fiber size, muscle fiber cross-sectional areas were examined. There is typically a significant loss of soleus mass with unloading in rats Chen and Alway, 2000; Theilen et al., 2018; Thomason and Booth, 1990) . Furthermore, type I fibers are considered to be sensitive to unloading (Thomason and Booth, 1990) while more resistance to aging-associated atrophy (Baehr et al., 2017; Daw et al., 1988 ). In the current study, the soleus muscle from young adult and geriatric mice had a significant loss of muscle wet weight but muscle weight recovered to control levels after reloading. Interestingly, average fiber cross-sectional area was lower and this was accompanied by a shift to the left on the soleus cumulative fiber frequency distribution in HLS + R muscles. This apparent discrepancy between muscle wet weight and fiber size might be explained by the fact that during hindlimb unloading, the foot moves into plantarflexion, which shortens the muscle and enhances atrophy and loss of sarcomeres in the Fig. 6 . Muscle force production. Maximal in vivo force was determined in the plantar flexor muscles and presented relative to muscle mass in control geriatric mice (n = 9; A) and HLS + R (n = 18; B) mice after day 1 (C) day 14 (D); and day 28 (E) of the study. Longitudinal maximal absolute plantar flexor force was shown for the same control geriatric mice at days 1, 14 and 28 (n = 9), and longitudinal maximal plantar flexor force records are given for the experimental geriatric mice (n = 18) at day 1, and after HLS, and HLS + R (F). *P < 0.01 compared to day 1. **P < 0.01 compared to day 1 of experimental animals and all days in control animals. Fig. 7 . Muscle fatigue. The loss in muscle force was measured over 116 contractions at 40 Hz in: (A) the control group (n = 9), and (B) the HLS + R mice (n = 18). (C) The fatigue index (Initial force-final force in 116 contractions / initial force × 100) is shown in experimental mice before (day 1), after 14 days of HLS (day 14) and after 14 days of hindlimb suspension followed by 14 days of reloading (HLS + R). Control mice were examined at days 1, 14 and 28 of the study but did not undergo any intervention. Fig. 8 . Western blotting of muscle samples. Muscle samples were obtained from the soleus (A) and gastrocnemius (B) muscles on day 28 and evaluated for signaling proteins associated with apoptosis (AIF; Sirt1), autophagy (LC3, ATG7), anabolism and reduction of oxidative stress (Sirt1, Sirt2, Sirt3, SRC-3). Control muscles (n = 9) were from mice that were cage controls with normal ambulation over 28 days. HLS + R muscles (n = 18) were exposed to 14 days of HLS followed by 14 days of reloading. The signals were normalized to GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) and expressed as mean ± SEM. (C) Representative blots for soleus and gastrocnemius muscles from control and HLS + R mice. LC3, microtubule-associated protein-1 light chain 3; SRC3: steroid receptor coactivator-3; ATG7: autophagy-related protein-7; Sirt-1: Sirtuin 1; Sirt2: Sirtuin 2; Sirt-3: Sirtuin 3; AIF: apoptosis inducing factor. fibers of the hindlimb muscles. Muscle lengthening without a change in muscle mass results in a decrease in fiber cross-sectional area (Alway, 1991; Alway et al., 1990; Alway et al., 1989b; Carson et al., 1995) much like stretching an elastic band reduces the cross-sectional area of the band. Reloading would be expected to lengthen and stretch the reloaded muscles as compared to unloaded muscles. Therefore, the anabolic effects of muscle fiber lengthening (Alway, 1991; Alway et al., 1990; Alway et al., 1989b; Carson et al., 1995) would increase muscle wet weight by adding sarcomeres to the stretched muscles, even without a full recovery (or even a reduction) of muscle fiber crosssectional area (Gomes et al., 2004) so it is not surprising that there could be a shift to the left of the fiber area frequency even with a recovery of muscle wet weight. Unlike the rat soleus which is comprised of > 80% type I fibers, the mouse soleus, is composed of both type I and type IIA myosin (Degens et al., 1998; Feng et al., 2016) which means that both type I and type IIA fibers in the fusiform soleus, would undergo stretch-induced growth after reloading. Less stretch would be expected in the pennate angled gastrocnemius muscle fibers which are also shorter and would have less individual stretch for a given overall length change in the gastrocnemius muscle than the same percent change in lengthening for the longer pennate fibers in the soleus muscle.
It was interesting to see that the cross-sectional area of soleus type I and type IIA fibers had recovered to control fiber sizes in the HLS + R groups, whereas type I fibers in the gastrocnemius muscle did not recover to control levels after reloading. One possibility is that impaired circulation may contribute to reduced muscle size and function in response to unloading and reloading (Ballak et al., 2016; Omairi et al., 2016; Snijders et al., 2017) . As blood borne compounds are important in muscle repair in aging (Brack et al., 2007; Conboy et al., 2005; Conboy and Rando, 2012) , reduced blood flow/capillarity would be expected to delay and/or prevent recovery of muscle mass and reduce muscle function to reloading after unloading. Indeed, satellite cell proliferation which is required during muscle repair and may be important in muscle recovery after disuse (Alway et al., 2017a; Alway et al., 2011; Alway et al., 2014b; Alway et al., 2013; Brooks et al., 2018) , is greater in fibers with a high capillarity to fiber ratio Nederveen et al., 2018) . Thus, it is possible that refraction of capillarity and therefore blood flow during unloading (Desplanches et al., 1990; Hirayama et al., 2017) is reversed during reloading, especially in the soleus fibers, which have greater capillarity than the gastrocnemius muscle fibers (Myrhage, 1978) . The dissimilar responses in type I fibers in the gastrocnemius and soleus muscles might be the result of non-uniform changes in vascularity throughout skeletal muscle arteriolar networks between soleus and gastrocnemius fibers (Laughlin and Roseguini, 2008) leading to different potentials for the type I fibers in gastrocnemius and soleus muscles to receive humoral anabolic compounds (e.g., myokines) during reloading.
Although overall soleus muscle analysis showed a smaller fiber CSA and a shift to the left in the frequency-area distributions (Fig. 2) it is important to note that this shift appeared to be due to smaller type I/IIA fibers. This conclusion is based on a return to control muscle weight of HLS + R soleus muscles and also that soleus type I and type IIA fibers had recovered very well after reloading (Fig. 4) . In contrast, fiber size recovery was not universal in the soleus because the population of fibers that were comprised of both type I/IIA myosin heavy chains were significantly smaller and had a significant shift to the left in the HLS + R soleus muscles as compared to control muscles. Although this is a small population of fibers, there responses may be important because unloading induces a type I to a type II myosin heavy chain isoform shift (Ballak et al., 2014; Brooks et al., 2018) . What was not expected was that the fibers which were presumably making this slow to fast transition (i.e. type I/IIA fibers) appeared to be unable to recover fiber size during 14 days of reloading in geriatric mice. Thus, while muscles that have a high composition of type I slow fibers are reported to be more sensitive to unloading than type II fibers (Alway et al., 2003; Booth and Gollnick, 1983; Degens et al., 1998; Thomason and Booth, 1990 ) the type I and IIA fibers in the soleus muscle recovered very well after reloading in geriatric mice. Nevertheless, while the type I/IIA fibers apparently did not fully recover with reloading, we cannot rule out the possibility that some of this population might have become denervated and therefore largely unable to recover from loading, but this speculation would require additional work to examine this possibility more closely.
Type IIA, IIB, IIX fibers recovered to control levels by reloading in the gastrocnemius muscles of mice. This was somewhat surprising because regrowth of type II fibers after atrophy in rats is limited in aging (Alway et al., 2015; Degens, 2010; White et al., 2015) and we had expected this to be the same as in geriatric mice. However, in contrast to the soleus muscle, type I fiber cross-sectional area failed to recover in the gastrocnemius during reloading after HLS. As type I fibers make up almost 50% of the gastrocnemius, the failure of the gastrocnemius to fully regain muscle weight to control levels after 14 days of reloading may have been the result of a loss of type I fiber size recovery. As type I fibers have an abundance of mitochondria and unloading impairs mitochondrial function (Feng et al., 2016) , it is possible that impaired mitochondria structure and function of type I fibers in the gastrocnemius may be important for regulating several catabolic pathways (Alway et al., 2017b; Siu and Alway, 2006) and therefore catabolic signaling might prevent full recovery of type I fiber size in the gastrocnemius. However, if this is the case, it is not clear why mitochondrial signaling of type I fibers in the soleus would differ from the same fiber type in the gastrocnemius muscle. Additional experiments will be needed to determine if competing signals for anabolism and catabolism may occur simultaneously in muscles of old mice during reloading after disuse atrophy.
A second possibility is that that the atrophic type I fibers in the mouse gastrocnemius muscle were more vulnerable to reloading-induced damage to the basement membrane and this may have contributed to fragility and slowed repair in old gastrocnemius muscles (Kanazawa et al., 2017) . A third possibility is that reduced satellite cell number or function in muscles of old animals (Ballak et al., 2015) might limit muscle growth or repair of injury due to reloading. This may be due in part to different biomechanical loading of type I fibers between the fusiform soleus muscle and the pennate fibered gastrocnemius muscles. Alternatively, it is possible that biomechanical loading differences account for the discrepancy in fiber size and muscle weight. For example, the shortened fibers of the pennate gastrocnemius muscle after HLS may not have fully lengthened with reloading (as would be the case in the fusiform soleus muscle). The shortened gastrocnemius fibers from unloading, should have the effect of increasing fiber size (like a shortened rubber band) and therefore we may have underestimated the effect of reloading on fiber size in the gastrocnemius muscle. Full recovery for some muscle fibers may require additional stimuli such as wheel running perhaps in part to increase muscle loading and lengthening or stimulate mitochondrial biogenesis in muscles of mice (Brooks et al., 2018) to provide an adequate stimulation of satellite cell proliferation for adequate recovery. Nevertheless, we cannot rule out the possibility that fluid shifts occurring in unloading (Farhat et al., 2018) had not normalized at the end of the reloading period and this may have contributed in part to muscle atrophy in the gastrocnemius muscle despite apparent recovery of fiber crosssectional area.
Muscle function
Consistent with previous reports in rats (Alway et al., 2014a; Alway et al., 2015; Baehr et al., 2016) longitudinal measures of plantarflexion force production in geriatric mice was clearly lower after HLS and reloading as compared with control muscles, indicating an inability to recover lost force during the reloading period. Although the loss of muscle force production may have been due to reduced contractile tissue in the HLS + R gastrocnemius muscles, as compared to control gastrocnemius muscles before HLS, we cannot rule out the possibility that the gastrocnemius muscles may have had a reduced force production, in part as a result of changes in muscle hydration and fluid shifts during the unloading and reloading periods, because function of fast contracting muscles is sensitive to changes in hydration, whereas type I fibers are not (Farhat et al., 2018) . Indeed, loss of bodyweight might be reflected in part by loss of fluid, and lean tissue.
Another important point to consider is that the model of disuse by HLS or aging per se may have caused not only muscle mass loss, but muscle damage, nerve damage and/or neuromuscular junction instability (Baehr et al., 2016 ) that persists throughout 14 days of reloading. Although aging may accentuate this, the process of HLS creates a rapid loss of muscle strength that exceeds the loss of muscle mass. This drop in muscle quality is indicated by a decrease of maximal muscle force that is generated at 125 Hz, from~5 g force/g to a drop of 3 g force/g over 28 days. This~40% loss of maximal force production over 4 weeks reflects a major loss of muscle quality and therefore could be consistent with damage (Frimel et al., 2005) . However, if muscle damage did occur by HLS, there was no attempt to activate satellite cells to repair the muscle during unloading, as we failed to find evidence for a significant increase in central nuclei from activated satellite cells. This could also mean that HLS did not induce muscle damage per se, but this does not rule out potential nerve damage or disruption to muscle innervation or damage to the neuromuscular junction in old mice (Baehr et al., 2016) . This is a potentially critically important point that should be considered when interpreting loss and recovery of force in response to HLS. Interestingly, the day-matched comparisons indicated that the loss of force per muscle mass was similarly affected between the animal groups. This also suggests that there is no evidence for differential fluid accumulation in controls and HLS mice and/or aggravated damage when the HLS is added to the electrical stimulation on day 1 to assess muscle contractile properties.
Despite lower plantarflexion force production and muscle wet weight in the gastrocnemius muscle, there were no differences in control and HLS + R muscle for SRC3, Sirt1, Sirt2, and Sirt3, which are involved in muscle cell proliferation and differentiation as part of anabolic pathways, and regulation of oxidative stress, and reducing atrophy in muscle fibers (Cheng et al., 2016; Coste et al., 2008; Hsu et al., 2017; Li et al., 2016; Qiu et al., 2015; Sin et al., 2015) . Although aging associated changes in apoptosis and autophagy have been proposed to have roles in muscle atrophy and reduced muscle recovery after HLS in aged rats (Alway, 2017; Alway et al., 2015; Alway et al., 2017a; Alway et al. 2017c; Baehr et al., 2016; Baehr et al., 2017; Cannavino et al., 2015; Takahashi et al., 2017; White et al., 2015) , we did not observe improved signaling for autophagy or apoptosis of reloaded versus control muscles after HLS. For example, autophagy mRNA levels (White et al., 2015) as well as protein levels for autophagy and apoptotic proteins ATG7, LC3 and AIF have been reported to be elevated relative to control levels in rat muscle after HLS (Takahashi et al., 2017) but if this was the case in muscles from mice, then these proteins had returned to control levels after reloading because the autophagy markers were not different in control and HLS muscles after 14 days of reloading in the current study in muscles of old mice. These findings suggest that after 14 days of recovery following 14 days of HLS, there is no alteration of signaling for protein apoptosis/autophagy beyond basal levels. Generally, our data from geriatric mice agree with previous results from rats showing that signaling pathways or protein synthesis/degradation do not explain the blunted recovery of muscle following disuse in aging (Baehr et al., 2016; Baehr et al., 2017; White et al., 2015) .
In conclusion, aging per se decreases force capabilities of muscles in very old mice over the 28 days of the study in very old mice. These findings suggest that with sarcopenia, muscles in geriatric mice are already experiencing functional loss, so that disuse may have a lower overall absolute effect as compared to what would be expected from disuse associated loss in young adult mice. Recovery of soleus muscle mass in geriatric mice appears to be better than observed in old rats after unloading. However, consistent with other reports Suetta et al., 2009) , in this study, recovery of muscle mass by reloading is attenuated in the gastrocnemius of in geriatric mice. The reduced recovery in fast contracting gastrocnemius muscles in advanced ages, is compounded upon the effects of sarcopenia. However, with a lower basal muscle mass in aging, disuse may result in a lower absolute loss of muscle mass in old mice as compared to young mice, so there may be a lesser need for recovery after disuse in advanced ages in mice. Nevertheless, additional studies are needed to identify if altered mitochondrial mechanics, fluid shifts, responses to biomechanical loading, neural damage and/or neuromuscular junction instability may account for reduced muscle function after reloading in geriatric mice.
